Abstract: To establish if there are sex-specific differences in the utilization of specific fatty acids in salmon during migration, we monitored plasma nonesterified fatty acids (NEFA) in male and female early-run Stuart sockeye salmon, Oncorhynchus nerka, during their spawning migration in the Fraser River. Total plasma NEFA concentrations declined in both males and females to 60 and 40% of their respective initial levels. Palmitic (C 16:0 ), oleic (C 18:1 ), docosahexaenoic (C 22:6n3 ), and eicosapentaenoic (C 20:5n3 ) acids consistently represented between 66 and 77% of the total plasma NEFAs throughout the migration. These fatty acids are probably utilized as a source of energy to sustain swimming during the migration. A difference in monoene levels between sexes suggest that females utilized monoenes, particularly oleic acid, for yolk production. Fatty acid concentrations of the n6) series remained constant in both sexes; however, a sudden increase of C 20 polyunsaturate proportions of both the n3 and n6 series was observed at the time of gonadal maturation in both sexes. While plasma NEFAs are important as energy sources for migrating sockeye salmon, there is also a selective utilization of plasma NEFAs for gonadal development and reproduction that is reflected in altered NEFA profiles of male and female fish, respectively.
Introduction
The spawning migrations of sockeye salmon, Oncorhynchus nerka, typically involve sustained swimming for considerable distances, fasting, and completion of the final stages of gonadal development. The postspawning death of the fish may be a reflection of the extreme metabolic demands of this effort. Faced with these demands, fish must partition their resources to complete their migration, produce viable gametes, and successfully spawn. In the Fraser River, early (July-August) Stuart sockeye salmon face an energetically demanding upstream migration as their timing in the river corresponds with high flows associated with the spring freshet.
Several studies of the biochemical changes in migrating Pacific salmon have been undertaken (Duncan and Tarr 1958; Idler and Tsuyuki 1958; Idler and Clemens 1959; Idler and Bitners 1958 , 1960 Trams 1969; Patton et al. 1970; Gilhousen 1980; Mommsen et al. 1980; French et al. 1983; Ando et al. 1985; Hatano et al. 1989) , and these provide an understanding of the changes in the major energy reserves (lipid, carbohydrate, and protein) during the course of the migration. Lipids are particularly important during this period both as energy sources for lateral red muscle, the main muscle group involved in prolonged swimming, and for gonad development. While red muscle is capable of oxidizing a variety of fatty acids (Kiessling and Kiessling 1993) , specific fatty acids are needed by developing gonads. Selective utilization of fatty acids has been reported during the process of yolk deposition in eggs in female gonads (Wiegand and Idler 1985) , which may represent 15-20% of the body weight at the end of the migration. In addition, specific fatty acids such as arachidonic acid are important precursors of eicosanoid messengers present in fish gonads (Stacey and Goetz 1982) and stimulate steroid production (Van Der Kraak and Chang 1990; Wade et al. 1994; Mercure and Van Der Kraak 1995) . Eicosanoids such as prostaglandins are essential for ovulation in all vertebrates including fish (Murdoch et al. 1993 ). In addition, many fish use prostaglandins as pheromones to synchronize spawning behaviour between sexes (Stacey 1991) . Thus, a detailed assessment of the changes in fatty acids during migration may provide a useful tool for monitoring metabolic demands and the importance of specific fatty acids associated with reproduction. Measurements of plasma nonesterified fatty acids (NEFAs) may be the most appropriate for this purpose as they represent the most metabolically labile pool of fatty acids and have been used previously as indices of the health of fish populations (McKinley et al. 1993) . Different fatty acids are likely used during the formation of eggs compared with those used in sperm formation, implying that there may be sex-related differences in the plasma of migrating salmon. Other fatty acids may be required as energy sources for locomotion. Therefore, examination of the specific fatty acids comprising the NEFA pool can provide insight into changes in lipid metabolism during the migration.
The utilization of lipid by migrating female sockeye salmon excedes that of males because of the formation of mature ovaries (Idler and Bitners 1960) . Although previous studies of the sockeye salmon migration in the Fraser River indicated that the concentrations of total plasma NEFAs declined as the migration progressed (Patton et al. 1970; French et al. 1983) , only total levels of plasma NEFAs were considered and differences between the two sexes were ignored. To establish if there are sex-specific changes in plasma NEFAs associated with the differing lipid requirements of male and female fish, we sampled the early spawning migration of Stuart sockeye (JulyAugust) in the Fraser River.
Materials and methods

Animals
Early Stuart sockeye (1.0-3.5 kg) were collected at seven sites on the Fraser River between 7 July and 9 August 1993 (Fig. 1) . Collection occurred over a period of 2-5 days on or near the estimated dates of peak migration at each site. Fishing conditions were site specific and determined the capture method (Fig. 1) . Although gill nets were used for collection at three sites (Fig. 1) , the nets were tended constantly and fish were removed and sampled in less than 4 min after encounter with the net. Fish with previous encounters with gill nets were sepa- rated from those with no previous net encounters. Only unmarked fish were used.
Blood samples and fish weights
Blood was sampled from the caudal vasculature of live unanesthetized fish using heparinized 10-mL Vacutainer tubes. Plasma was obtained by centrifuging at 800 × g for 10 min and the plasma samples were frozen on dry ice immediately. Total body and gonad weights were determined for each fish to calculate gonadosomatic index (GSI).
Plasma nonesterified fatty acid analysis
Nonesterified (free) fatty acids were methylated as previously described (Singer et al. 1990) . One microlitre of carbon disulfide (CS 2 ) containing methyl esters was injected into a gas chromatograph (Hewlett-Packard, HP5890A) fitted with a flame ionization detector (FID) and an automatic injector (Hewlett-Packard, 7673A). Fatty acid methyl esters (FAMEs) were resolved on a DB-225 megabore fused silica column (Chromatographic Specialities Inc., Brockville, Ont.) using helium as the carrier gas. Oven temperature programming included an initial temperature of 150°C that was increased immediately after injection to 210°C at a rate of 60°C/min and held at this temperature for 30 min. FAMEs from 14 to 24 carbons in length were readily resolved under these conditions. FAMEs were identified by comparison of retention times with those of known standards, and the absolute amounts were quantified with an internal standard, heptadecanoic acid (17:0), added to the plasma samples prior to methylation. All chemicals were purchased from Sigma Chemical Co. (St. Louis, Mo.). Lipid standards used were obtained from NU Chek Prep, Inc. Elysian, Minn. Additional fatty acids, not present in the standard, were added with a methylated fatty acid mixture prepared from menhaden oil extract.
Statistical analysis
Differences between sites and sexes were established by analysis of variance and multiple comparison based on t statistic comparisons (p < 0.05), using LSMEANS (Steele and Torrie 1980) . Sites were considered as treatments and individual fish as replicates (units) for each treatment. Assumptions of linearity for treatment regressions and shared slopes between treatment regressions were validated using general linear models. Assumptions of normality, independence, and homoscedasticity were verified by generating appropriate residual plots. Data transformations (log, square root, and cube root) were used when appropriate to meet the above assumptions.
Results
Male and female sockeye salmon at each of the seven sites on the Fraser River exhibited marked changes in gonadal development during the migration (Fig. 2) . The GSI for female fish Note: Values are given as the mean ± SE. Number of fish sampled: site 1, 11; site 2, 8; site 3, 11; site 4, 9; site 5, 7; site 6, 8; site 7, 6. nd, not detectable. Table 1 . Concentrations (nmol/mL) of individual nonesterified fatty acids in the plasma of male sockeye salmon at the during the Fraser River migration.
Can. J. Fish. Aquat. Sci. Vol. 53, 1996 increased throughout the migration with the increments being greatest in the first few sites. The GSI for males was relatively constant throughout the migration. There were two possible approaches to the analysis of plasma NEFAs. One was to examine the absolute concentrations of individual fatty acids. These data are presented for male (Table 1) and female (Table 2) fish. However, this approach may not reveal other important relationships where the proportions of specific nonesterified fatty acids change. To identify these situations, analysis of the proportions (percentages) of fatty acids has also been reported (Figs. 4-7) .
The major fatty acids in the plasma of both male (Table 1 ) and female (Table 2 ) sockeye salmon during the spawning migration were 16:0, 18:1, 20:5n3, and 22:6n3. These fatty acids consistently represented 66-77% of total NEFAs in both sexes. Overall, the total plasma NEFAs of fish declined throughout the migration to 60 and 40% of the initial concentrations in males and females, respectively (Fig. 3) . NEFA levels were significantly lower in males than in females at sites 1, 3, and 5.
The distributions of fatty acid classes in males and females are presented in Fig. 4 . The percentage of saturated fatty acids in the plasma of males was significantly higher than that of females at sites 1, 3, 4, and 5 (Fig. 4A) . The percentage of monoenes in the plasma was significantly higher in females compared with males at all sites except site 6 (Fig. 4B ). There were no differences in the percentages of polyenoic fatty acids between males and females at any sites (Fig. 4C) .
The proportions of n3 and n6 fatty acids are presented in Fig. 5 . There were no male-female differences between the percentages of n3 fatty acids at any site (Fig. 5A) . The percentage of n6 fatty acids was significantly higher in males compared with females at all sites (Fig. 5B) .
The percentages of the four major fatty acids in the plasma are compared in Fig. 6 . The percentage of 16:0 was significantly higher in males than in females at all sites except site 7 (Fig. 6A) . The percentages of 18:1 were significantly higher in females compared with males at all sites except site 6 (Fig. 6B) . The percentage of 20:5n3 was significantly higher in females than in males at the last three sites (Fig. 6C ). There were no significant differences in the percentage of 22:6n3 between males and females at any of the sites (Fig. 6D) .
The proportions of three minor fatty acids (20:4n6, 20:3n6, 20:3n3) , which are precursors of eicosanoids, are presented in Fig. 7 . The proportion of arachidonic acid (20:4n6) (Fig. 7A) was significantly higher in males than in females at all sites Note: Values are given as the mean ± SE. Number of fish sampled: site 1, 4; site 2, 7; site 3, 4; site 4, 6; site 5, 8; site 6, 7; site 7, 9. nd, not detectable. Table 2 . Concentrations (nmol/mL) of individual nonesterified fatty acids in the plasma of female sockeye salmon during the Fraser River migration.
except site 6 (Fig. 7A) , where a sudden increase was observed in females. Similar sudden increases at that particular site were also found with 20:3n6 (Fig. 7B ) and 20:3n3 (Fig. 7C) . No difference between sexes was found for these two fatty acids.
Discussion
The plasma NEFA profile of migrating sockeye salmon is similar in many respects to that of other fish species. The four fatty acids found in highest concentrations at all sites (16:0, 18:1, 20:5n3, and 22:6n3) are the same as those reported for temperate-zone marine fish . The proportions of saturated, monounsaturated, and polyunsaturated fatty acids are similar to those reported for other marine or freshwater teleost fish . Lipids are stored in several tissues in migrating salmon including liver, abdominal adipose tissue, red muscle, and white muscle (Love 1970) . Mobilization of liver lipids involves increased hepatic lipase activity during spawning in both males and female pink salmon (Hatano et al. 1989) . Lipids must also be mobilized from extrahepatic stores during the migration. Jezierska et al. (1982) showed tissue-specific depletion of lipids during periods of starvation. Considering this and given that the fatty acid composition of fish tissues varies (Jezierska et al. 1982) , some of the changes in proportions of plasma NEFAs that we observed may be due to changing sources of fatty acids as the migration progresses. The levels and proportions of plasma NEFAs indicate utilization of fatty acids for metabolic requirements associated with swimming, fasting, gonadal growth, sexual maturation, and spawning.
Energetics
The general decline in total NEFA as the migration progressed suggests that in the initial stages of the migration, plasma NEFAs are important energy sources for both males and females. However, their importance may have declined as the migration progressed because of their depletion. Similar declines in Fig. 4 . Percentages of (A) saturated, (B) monoenoic, and (C) polyenoic nonesterified fatty acids in the plasma of male and female sockeye salmon on the spawning migration in the Fraser River. Values are given as means ± SE. Capital letters over or under means refer to statistical comparisons between sites for females and lowercase letters refer to statistical comparisons between sites for males. Means with the same letters are not significantly different. Significant differences between males and females are indicated by asterisks. Fig. 3 . Total concentrations of nonesterified fatty acids in the plasma of male and female sockeye salmon on the spawning migration in the Fraser River. Values are given as means ± SE. Capital letters over or under means refer to statistical comparisons between sites for females and lowercase letters refer to statistical comparisons between sites for males. Means with the same letters are not significantly different. Significant differences between males and females are indicated by asterisks.
plasma total NEFA have been reported in other migrating Pacific salmonids (Patton et al. 1970; French et al. 1983) . The changes in the major plasma NEFAs in the males during the migration may be due to the energetic costs of locomotion. In studies of sockeye salmon migrating in the Fraser River, Idler and Bitners (1958) concluded that, on the basis of measurements of gonad and total body lipid, females expended the same amount of energy as males for swimming. An increase in plasma 22:6n3 at the last site may represent the final mobilization of the longest most unsaturated fatty acid as other fatty acids are depleted.
On the basis of migration energetics studies of early Stuart sockeye conducted in 1993, site 2 (Hells Gate) represents the most difficult challenge for the migrating Fraser River fish (S.G. Hinch, Westwater Research Center, University of British Columbia, 1933 West Mall, Vancouver, B.C., unpublished data). The high water velocity at this site likely requires higher levels of red and even white muscle activity for burst swimming. Total plasma NEFAs at this site increased in males to levels comparable with that of the females.
Differences between sexes in the classes of plasma NEFAs are apparent throughout the migration. Saturated fatty acids (primarily 16:0) are higher in proportion in the plasma of males than in females. Saturated fatty acids are readily synthesized in fish and are important oxidative substrates for a variety of tissues including red muscle. However, the higher levels in males do not indicate a reduced importance in females. While the proportion of saturated fatty acids in females is lower, the absolute amounts are similar to those in males. This is likely due to the increase in other fatty acids mobilized for yolk synthesis.
Fatty acid oxidation occurs in the mitochondria of a variety of fish tissues (see Ballantyne 1994 for review). Although liver may oxidize fatty acids to provide the energy for synthesis of proteins, carbohydrates, and other macromolecules, it is likely that red muscle is responsible for most of the fatty acid oxidation during migration, since this tissue is responsible for steady-state swimming. Several studies of mitochondria isolated from fish red muscle (Murata and Higashi 1979; Sidell et al. 1988) indicate that this tissue can oxidize a range of fatty acid chain lengths. The availability of fatty acids in the plasma NEFA fraction likely determines which fatty acids are oxidized. In migrating sockeye salmon, 16:0, 18:1, 20:5n3, and 22:6n3 would be preferred substrates because of their abundance in the plasma. Mitochondrial oxidation of fatty acids is usually considered to be complete with very few if any intermediates accumulating (Mannaerts and Veldhoven 1993) . The effects of fatty acid oxidation on plasma NEFAs would be to decrease levels of all fatty acids proportionally. Therefore, deviations in the proportions of specific NEFAs in the plasma are more likely indicative of other processes.
The effects of starvation on plasma NEFAs varies in different fish species. Rainbow trout (Oncorhynchus mykiss) maintained constant plasma NEFA levels for 56 days of food deprivation (Black and Skinner 1986) . In bass (Dicentrarchus labrax), food deprivation results in an initial increase in plasma NEFAs followed by a decline after 40 days (Zammit and Newsholme 1979) . In spite of this interspecies variability it seems likely that the declines in NEFAs observed during the migration are due in part to the effects of starvation. The constant swimming associated with the migration may simply speed up the metabolic consequences of food deprivation, resulting in more severe declines in plasma NEFAs than would be observed if the fish were simply starving and not migrating.
Gonad development
In females, NEFA levels were high before Hells Gate, perhaps indicating their mobilization for the production of yolk. Therefore, in females the levels of plasma lipoproteins required to bind plasma NEFAs may exceed that of males. The extra energy required to pass through site 2 may also require diversion of fatty acids from gonad development in females. This may explain why the largest increase in gonad size in females occurs after Hells Gate (site 2).
The sex-related differences in the proportion of the four predominant plasma NEFAs (16:0, 18:1, 20:5n3, and 22:6n3) may be useful indicators of the partitioning of plasma NEFAs during the migration. Since the male gonads have apparently reached their full size early in the migration, vast amounts of plasma NEFAs are likely not required for gonadal growth.
Monoenoic fatty acids (particularly 18:1) are highest in concentration and proportion in females. The importance of monoenes (18:1 and 16:1) in the neutral lipid of ovaries of Atlantic salmon, Salmo salar, increases with GSI while the proportion of the polyunsaturated fatty acids (20:5n and 22:6n3) declines (Wiegand and Idler 1985) . The monoene 18:1 seems to be particularly important in this function with a substantial increase in this fatty acid between sites 2 and 3. These are the sites at which ovarian growth was most apparent. High levels of 18:1 in comparison with those in males are maintained in the plasma for sites 3, 4, and 5, perhaps indicating the duration of this phase of ovarian development.
The proportions of polyunsaturated fatty acids are similar in both sexes throughout the migration. Although polyenes are important components of eggs (Wiegand and Idler 1985; Bell 1989 ), it appears that plasma NEFAs may not be the primary source of these fatty acids. The predominant fatty acids of fish gonads are phospholipids with a high proportion of polyunsaturated fatty acids compared with lipid reserves, which are largely neutral lipids with higher proportions of saturated fatty acids (Tocher and Sargent 1984; Henderson and Tocher 1987) . Lipid classes other than plasma NEFA (e.g., phospholipid) may be involved in delivering polyenes to oocytes.
Males had substantially more n6 fatty acids, particularly 20:4n6, in their plasma throughout the migration. This may imply that this class of fatty acid is important in testis function and previous studies have shown the steroidogenic effects of arachidonic acid and its metabolites in fish (Wade et al. 1994 ).
The highest levels of arachidonic acid were found in both sexes at site 6 with the increase being most noticeable in females. Given that gonadal maturation and ovulation, which depend on eicosanoid synthesis, may occur at this site, the change in fatty acids may effect some of the physiological changes associated with spawning. Given that 20:5n3 also can be converted to eicosanoids and that a sudden mobilization of this fatty acid in females was found in spite of its already high concentration 20:5n3 may be connected to some important physiological events associated with spawning.
Summary
Analyses of plasma NEFAs, the most metabolically active lipid fraction of the blood, have allowed us to infer their specific roles in supplying the energy requirements for swimming as well as the differing needs for certain fatty acids by males and females associated with the reproductive aspects of the migration of sockeye salmon in the Fraser River. The fatty acids found in highest concentrations likely serve as important energy sources whereas specific less abundant fatty acids of the n3 and n6 series may be mediators of the reproductive aspects of the migration. 
